General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 






^ DRL-73/SE-8 




The JPL Low-Cost Silicon Solar Array Project is sponsored by 
the U.S. Department of Energy and forms part of the Solar 
Photovoltaic Conversion Program to initiate’^a major effort 
d the development of low-cost solar arrays. This work 
w-t performed for the Jet Propulsion Laboratory, California 
i.ijtitute of Technology by agreement between NASA and DOE. 


J"* i. > 














':W: %■ 






Mi' 










"This report was prepared as an account of work 
sponsored by the United States Government. Neither 
the United States nor the United States Department 
of Energy, nor any of their employees, nor any of 
their contractors, subcontractors, or their employees, 
makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accu- 
racy, completeness or usefulness of any information, 
apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights." 


ABSTRACT 


Solar cells have been fabricated from unconventional silicon 
materials in the second and final phase of the contract. 

In the most recent period of KFG, Web, Hem, and Con- 

tinuous CZ silicon materials were fabricated into solar cells, 
measured and analyzed. 

Current-voltage measurements under AMI conditions, in addition 
to those under AMO conditions, were introduced in Phans II. 
Several low-cost fabrication steps were included in that phase. 

Both Hen and Continuous CZ silicon were found to be superior 
to what had been provided in Phase I. Correlation between 
quality of starting materials and cell conversion efficiency 
was observed for Hem-grown silicon. Correlation between 
position in the crystal growth sequence and cell ruality was 
observed for Continuous CZ . 
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1.0 INTRODUCTION 


The goal of this contract has been to conduct a silicon solar 
cell process development, fabrication and analysis program. The 
effort being directed toward the evaluation of the solar cell 
potential of unconventional silicon sheets of interest to the 
Large Area Silicon Sheet Task of the Low-Cost Solar Array 
Project. What has been required has been the fabrication of a 
statistically significant number of solar cells using standard 
and reproducible processes and reliable testing of them using 
standardized measurement equipment and techniques. In addition, 
to investigate, develop and utilize technologies appropriate and 
necessary for improving the efficiency of solar cel's made from 
these silicon sheets using a standard process as the baseline 
starting point. The goal for solar efficiency is 12% Air Mass 
Zero (AMO) , measured at 28°C minimum. 

In this report we shall provide a review of the control program, 
baseline processing, various optimization processes, the measure- 
ment systems/procedures and a brief description of the uncon- 
ventional silicon materials in the program. We shall then report 
on results obtained since the last published report. This will 
then be followed by a brief review of results in Phase I and 
Phase II of the contract. 
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2.0 TECHNICAL DISCUSSION 


A number of diverse silicon materials have been made into solar 
cells by both conventional and optimized processing methods during 
the period of this contract. In order to provide a reasonable 
amount of reproducibility within each material group of cells, a 
specific control program was mandated. It was believed that this 
control program would minimize the occurrence of wafer contamina- 
tion from extrinsic sources. Because elevated temperatures are 
used and since contamination is sustained via a thermal pathway, 
emphasis was given to reduction of contamination before and 
during the impurity diffusion process. 

2.1 CONTROL PROGRAM 

Quartz diffusion tubes dedicated to the progreun were used through- 
out the study. Z.fter cleaning a diffusion tube the tubes were 
then used in processing control wafers into solar cells. The 
finished solar cells were measured for I-V on a solar simu- 
lator and if the results were satisfactory the tube was then 
considered contami nat ion- f ree and used for thermal diffusion of 
one of the unconventional m.aterials into solar Cells. In the 
event the control cells were found not to be satisfactory, the 
diffusion tube was again cleaned and the process repeated until 
suitable control cells were obtained. At no time were different 
sheet materials run together in the same diffusion tube, and 
only after the above control procedure had been sat i s f ac ‘■orily 
completed would a tube be used for a different sheet material. 

During processing of the sheet materials control cells were 
included. Witl.in the diffusion tube eight control wafers were 
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positioned on the quartz diffusion tube such that every uncon* 
ventional silicon wafer had a control wafer neighbor. Control 
wafers were also positioned at the front and back of the wafer 
assembly on the diffusion boat. 

These same control wafers accompanied the lot throughout fabri- 
cation and measurement. Tveh a procedure also allowed a means 
of comparison and some indication of processing fidelity. 

2.2 PROCESSING FORMAT 

The unconventional silicon material was supplied by the Jet 
Propulsion Laboratory. CZ , p-type,'\<2fi cm silicon control wafers 
were produced in Spectrolab's crystal growing fnd cutting 
facilities. After cutting of the material into slices both the 
front and back of the slices were etched sufficiently to remove 
Saw damage. This was not required for the material that had 
been grown in sheet form. In the latter case various cleaning 
methods, including acid etch, were used to remove surface stains 
that might have been present. The slices, or ribbons, were then 
diced to their planar wafer dimensions on a Temprecs saw. 

After cleaning to remove both organic and metallic surface 
impurities, the wafers were loaded onto a clean quartz boat and 
placed within a three-inch diameter quartz diffusion tube main- 
tained at the diffusion temperature (850°C) by a Therr.co furnace. 
The diffusion schedule was arranged such that the wafers were 
loaded and in the furnace within an hour of the wafer cleaning. 

A three step diffusion procedure was used: warmup (nitrogen flow), 

pre-dep (phosphine, nitrogen, oxygen flow), and drive (oxygen and 
nitrogen flow) . These conditions were expected to result in a 
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phosphorous surface concentration in excess of 10^^ cm ^ and pn 
junction depth of Following the diffusion drive the 

boat was removed from the furnace and allowed to cool in air. 

After diffusion and cool the wafers were immersed in an HF 
solution to remove the thermal oxide. Sheet rho was then measured 
on a four point probe to obtain an estimate of junction depth. 

The fronts of the wafers were then masked and the wafers passed 
through an acid shower. This was used ir order to remove the 
n-dif fused region on the back surface of the wafers. After 
removal of the etch mask the wafers were cleaned in various 
solutions « loaded in an evaporation mask and holder and placed 
in the chamber of a high vacuum system. Using an elect ron-beeun 
heating source, thin layers of titanium, palladium and silver 
were deposited on the wafers in a contact pattern defined by the 

masks. After removal from the evaporation system and masks, the 

wafers were sintered ) a nydrogen atmosphere to minimize contact 
resistance. The cells were then placed in an electron-beam 
evaporator where an AR film of Ta^O. was deposited. 

In the next and final procedure the wafers were masked with an 
organic film over top and bottom surfaces. In this state the 
cells were immersed in a solution to remove any metal or other 
undesirable contaminant that could cause low shunt resistance 
at the cell edges. The cells were cleaned and made ready for 
measurement . 

2.3 MEASUREMENT SYSTEM.S 

2.3.1 Ill uminated Current -Voltage 

This system is shown schematically in Figure 1. The Spectrosun 
Solar Simulator is adjusted to produce an AMO spectrum and inten- 
sity. Temperature and intensity calibration for each group of 
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I-V measurements is made by adjusting water bath temperature 
and simulator intensity while monitoring these parameters with 
the #1037 bal Icon-flown solar cell standard. 

The cel. test fixture is water cooled* uses a vacuum hold-down 
and has spring-loaded voltage probes and spring-loaded current 
probes for cell top contact. The fixture itself makes electri- 
cal contact with the bottom of the cell. A Spectrrlab Model 
D-550 electronic load is used in series with the cell under 
test. Both short circuit current and open circuit voltage are 
measured by means of a 4S digit Dana Digital Voltmeter. The 
I-V curve is generated by the electronic load and recorded on 
a Hewlett-Packard X-Y Recorder. 

A:U measurements are obtained by introduction of a constant 
tem.perature Pyrex-water filter into the light path between the 
Xenon source and the water-cooled test fixture. After inser- 
tion of the filter into the system the light source is adjusted 
using a standard solar cell, #1039, that has been calibrated 
to Air Mass One. The filter is tilted slightly from the hori- 
zontal to prevent reflection of the radiation back into the 
source . 

2.3.2 Spe ctral R esponse 

This system consists essentially of a water-cooled test fixture 
enclosed within a light box. A broad spectrum, high intensity 
light source im.pinges upon a filter contained within a filter 
wheel. Narrow-band radiation is transmitted through the filter 
and onto the tor surface of the cell under test. The short cir- 
cuit current is measured by amplifying the voltage across a low 
value precision resistor and reading the amplified voltage on a 
Dana 5 -digit Digital Voltmeter. 
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The filter wheel consists of thirteen narrow band-pass filters 
incremented across the spectrum from .4 to 1.05 urn. 

Irradiance at the cell surface for each of the thirteen filter 
positions is measured using a calibrated solar cell. Based unon 
the irradiance and output of cell under test the relative 
response can be determined for the cell under test at each of 
the thirteen wavelengths. 

2.3.3 Dark Curr en t-Voltage 

Dark current, forward and reverse, is measured on a system con- 
sisting of a high resolution constant current siipply, a light 
shielded brass test fixture, and two 5-digit Dana Digital Volt- 
meters. Measurements are made point-by-point using voltage as 
the independent variable. 

2 . ? R esistivity 

Water resistivities are measured by means of a four point, in- 
line probe and m.icroneter thickness gauge. The in-line probe 
is also used to measure sheet resistance after diffusion. 

2.4 UNCONVENTIONAL SILICON MATERIALS 

2.4.1 Wac ker Silso 

Wacker Silso polycrystalline silicon is a product of the Wacker 
Siltronic Corporation. It is produced by casting molten silicon 
into rectangular blocks. Casting is controlled so as to promote 
columnar grain growth such that grains grow perpendicular to the 
plane of the finished cut sheet. The casting is sawed into sheets 
of square form. This material was used for solar cell fabrication 
in Phase I of the contract. 
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2.4.2 


Ribbon-to-Ribbon (RTR) Silicon 


This material is a product of Motorola and is produced by a 
process that deposits silicon upon strips of substrate material 
by CVD. The resultant silicon strips are then laser or elec- 
tron beam scannad to promote grain growth from the extremely 
small grains obtained during CVO deposition. A phosphorous 
gettering step completes the process. The strips used in this 
contract were about an inch in width and 12 inches in length. 
This material was used in Phase I of the contract. 

2.4.3 Edge- Defin ed J^i Im Fe d Gro wth (F ?G) S il icon 

This polycrystalline silicon is produced by Mobil-Tyco. Silicon 
strips are pulled through dies (SiC) from the melt with widths 
in excess of two inches and lengths greater than four inches. 

The finished sheet has a smooth, somewhat rippled surface. 

Both rf heated and resistance heated systems have been used in 
the production of the sheet material, only resistance heated 
material was used in Phase II of the contract. 

2.4.4 Dendritic Sil icon Sh eet (W eb) 

Web silicon is produced for the program by Westinghouse Research 
and Development Center. This sheet m.aterial is manufactured by 
supporting a silicon meniscus between two dendrite rails wnich 
are slowly lifted out of the melt. The silicon solidifies as 
it is lifted and this forms a continuous sheet of material. The 
surface of the drawn filament, or ribbo*., is in the 111 plane. 
Thickness of "he filament is well controlled and width is deter- 
mined by the spacing of the dendrite rails. Web material used 
in the proaram wac generally in widths of about one inch while 
thicknesses ranged from. 4 mils up to 12 mdls. 
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2.4.5 


Heat Me { He m) Silicon 

This material is produced by Crystal Systems, Inc. In this 
method a seed crystal is placed at the bottom of an insulated 
chamber. An inert gas is used as a heat exchanger for the seed 
and precludes its loss when molten silicon is injected into the 
chamber. 

The freeze boundary of the cooling silicon proceeds out from 
the seed, generally with growth of a single crystal. Direc- 
tional solidification, proceeding at a very low rate (depending 
upon how well heat exchange is controlled) , will cause those 
materials having low segregation coefficients to segregate an j 
thus be moved along with the freeze boundary toward the outer 
surfaces of the boule. The boule is generally formed in a rec- 
tangular shape. Rectangular slices are then cut from the boule. 

2.4.6 Contin uous CZ I ngots 

This material is produced by the Kayex Corporation. In the con- 
ventional CZ method a single crystal is pulled from the melt con 
tained in a quartz crucible. The pull of one crystal completes 
the operation and the crucible is treated as an expendable at a 
rate of one crucible per pulled crystal. In the continuous CZ 
method several crystals are pulled in sequence from a single 
crucible. The melt in the crucible is replenished after each 
pull. In Phase I of this contract, material from a five crystal 
pull run was processed into cells while in Phase II material 
from a nine crystal pull was processed into solar cells. 

2.4.7 Sil ico n on C erami c (£>0C) 

This method of producing unconventional silicon has been 
developed at the Honeywell Corporate Research Center. Slotted 
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ceramic substrates coated on one side are either dipped into or 
skimmed over molten silicon, leaving a coating of polycrystalline 
silicon on the ceramic. Although this material was received 
under Phase I and Phase II, cell fabrication and measurement 
were not completed within the time and funding limits for the 
contract . 

2.5 PROCKSS OPTIMIZATION 

Process optimization in this program is proposed in the sense 
of both general and specific methods that might be expected to 
enhance device performance over and above what was achieved by 
the baseline process. Optimization procedures were limited, 
however, by the large number of materials studied and the size 
of the program. With this in mind a number ot oi/t imization 
steps were used for each of the silicon materials in the program. 

2.5.1 Tex tu riza tion 

This process modification has two functions. The primary one 
is the reduction of surface reflections while the second is to 
increase absorption in the immediate region of the junction. 

Surface texturization is the result of directionally selective 
etching of a wafer surface that leaves a matrix of pyramids at 
the surface. Un Figure 2 we show a photograph of a typical 
texturized surface.) This matrix promotes transmission of 
reflected primary rays. Solar cell surfaces that have been 
both texturized and coated with an antireflecting film appear 
mattelike to the observer. Since the index of refraction of 
silicon is high, and since the pyramids present a surface of 
about 45° to the normal incidence, normal rays are refracted 
away from, the normal to the wafer plane. The result of this 
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refracted path for the transmitted radiation is a longer path 
of light with wafer depth and hence enhanced absorption near 
the junction. 

Texturization is most effective for (100) silicon and ineffec- 
tive for (111) silicon. Since dendritic web silicon is grown 
with a (111) surface this optimization procedure was not used 
on that material. For the polycrystalline material the effec- 
tiveness of texturization varied according to the orientation 
of individual grains. 

2.5.2 Surface Field 

In this procedure a region is processed onto the bac)c side 

of the wafer. This region serves a number of purposes. It 

creates an electrostatic reflector in the lower base region 
and reduces contact resistance. The electrostatic reflecting 
properties should increase short circuit current and reduce 
dar)c currents that arise by recombination at the bac)c surface. 
This should, in turn, increase open circuit voltages. In addi- 
tion to the obvious requirement that the electric field generated 
by the P P^ configuration be of a sufficient magnitude the dis- 
tance from the junction to the P P^ boundary region, vis a vis 
the minority carrier diffusion length, must be within certain 
limits. For a given >j to P P^ distance, a threshold minority 
carrier diffusion length exists to observe the effect. There- 
fore, materials with short minority carrier diffusion lengths 
cannot be expected to be enhanced by a bac)c surface field. One 
could, of course, spea)c of a threshold to P P^ distance for 
a given Lj^. 

2.5.3 Junction Depth 

Historically, junctions of space solar cells have followed a 
course of decreasing depths. An observer could speculate that 
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this has been the result of a somewhat gradual realization 
that photons absorbed above the junction are wasted. Shallower 
junctions have required heavier doping in the top layer 
and improved contact systems because of the increased sheet 
resistance that accompanies the shallow junction. Improved 
diffusion methods have also accompanied the shallower junctions 
providing a somewhat higher minority carrier lifetime in the top 
layer. Recently, efforts at reducing surface recombination 
velocities on silicon solar cells have shown some degree of 
success . 

Shallow junctions are of greater efficacy at AMO because of the 
relative portion of that spectrum in the blue and violet. Thovgh 
it is less of a factor for cells to be employed at terrestrial 
sites, it is still possible to ehhance collection efficiency of 
terrestrial cells by means of shallow junctions. Shallow 
junctions, however, increase the risk of junction leakage and 
result in lower production yields. Kith these caveats in mind 
shallow junctions were utilized in several optimized processing 
runs . 

2.5.4 Getter inc 

It is well known that certain types of "gettering” can enhance 
performance of silicon devices. Gettering is believed to result 
because of an out -di f f usion and trapping of various secondary 
impurities at gettering sites. The type of secondary impurities 
that corJ^ine witli lattice structure defects to produce recombina- 
tion centers are in most cases fast diffusers and are trapped at 
regions of structural damage and strain. Various experimental 
work has shown that phosphorous precipitates generate high strain, 
dislocation tangles, etc. This highly damaged region in the top 
layer of the silicon device leads to very short minority carrier 
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lifotimcs in volume immediate to the surface. At the same time, 
however, it tends to clean up the rest of the device, especially 
the junction region. 

Evidence for the effect of secondary impurities on device per- 
formance has been shown by, amongst others, experiments of 

( 2 ) 

Goetzberger and Shockley . Specific evidence for mechanisms 
in the junction region have been described in the SEM-EBIC 
experiments of Varker and Ravi^^^. Murarka^^^ has identified 
the phosphorous gettering action on trace impurities of gold 
using neutron activation analysis. The latter work shows con- 
clusive evidence that the gettered specie (gold) is trapped 
within the surface region of the precipitates and not within 
the phosphorous glass. 

2.6 PHASE II 


A number of changes were made in the program going from Phase I 
to Phase II. The first of these changes was I-V measurement at 
AMI as well as at AMO, for about 20% of the cells. This was 
done to provide measurements more meaningful for terrestrial 
application, and tc provide empirical relationships between AMO 
and AMI efficiencies for the cells fabricated in the program. 

A second change was the use of processes that could be considered 
low cost, as opposed to the methods of Phase I that were based 
upon aerospace manuf ecturing processes. A third change was a 
somewhat more general use of the cell areas greater than 2 cm x 
2 cm. Finally, a record was made of the steps in the processing 
where cell breakage occurred. This was suggested as a means of 
determining any critical breakage points in the processing for 
a specific material. 
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2.7 


RESULTS 


2.7.1 Wes t ing house Web 


In this section we report results for three lots of solar cells 
fabricated on dendritic web-grown silicon utilizing processes 
intended to enhance conversion efficiency. In the first of these 
lots, KebO-1, cells wore 2 cn x 4 cm and had back surface field 
processing. Results obtained from illuminated I-V at AMO and 
AMI are presented in Table 1. 

In a second lot, WebO-2, also with BSF, cells were made in a 
2 cm X 2 cm configuration. Results obtained for illuminated I-V 
measured at AMO and AMI are shown in Table 3. It is apparent 
that the latter BSF were more effective in improving cell effi- 
ciency than in the case of lot WebO-1. This can be attributed 
to insvif f icient heating of the substrate during the high 
temperature anneal following deposition of aluminum paste for 
the BSF. The warmup of the wafers is dependent upon furnace 
temperature, boat configuration and wafer size. To produce the 
back surface field the waftr temperature must surpass the Al-Si 
eutectic temperature over the whole of the wafer area. In 
Fiaure 3 we show those cells with BSF having the highest effi- 
ciency of the cells in each dendritic web strip. Other note- 
worthy differences between the two lots can bo seen in the open 

circuit voltages. In WebO-1 we find V’ ^ of the order of 530 mV 

oc 

and 54 5 rV for 9 ..-cm. and 3 0-cm cells as compared with 555 to 
585 for the 13 .^.-'cm web materials in lot WebO-2. Another 
factor of importance in comparing these two lots is the dif- 
ference in wafer thicknesses. The lesser thickness in WebO-2 
cells would be expected to enhance the effect of the back 
surface field. Diffusion length would of course be expected 
to play a noticeable role in the effects promoted by wafer 
thickness . 
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A third and final web optimization lot, WebO-3, was made using 
a shallow junction. Measurements for the completed cells are 
given in Table 5. Cell size used in this lot was 2 cm x 4 cm. 
Spectral response data has been plotted for a number of cells 
in Figures 4 and 5. Blue response is equivalent for the Web 
and CZ cells, but a rather extensive divergence for red response 
is seen between the two materials. This suggests considerable 
differences in minority carrier diffusion lengths between the 
two materials. 

We examine this difference by calculation of the effective dif- 
fusion lengths from spectral response measurement s ^ . 


S/N 


> 

X-1 

223 i^m 

.9997 

X-5 

209 

.9995 

191-1 

79 

.9993 

187-1 

71 

.9995 

171-1 

79 

.9995 

171-3 

74 

. 9994 


2.7.2 Mobil -T y co EFG 

Lot EFGO-2 was intended as an optimization of cell characteris- 
tics by means of a back surface field. Application of the back 
surface field structure to the cells was by screen printing of 
aluminum paste followed by a high temperature anneal for a brief 
period (spike anneal). Processing of the cells in this lot met 
with a continuous series of misfortune. Breakage for the cells 
in the lot was widespread. Six of ten control cells and three 
of about thirty-five EFG cells were unbroken. As can he seen 
in the tables for this lot (Tables 7 and 8) breakage occurred 
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at most steps of the cell processing. Although breakage has not 
been found unusual for the EFG material, results in this lot 
indicate a high degree of fragility. Breakage losses were also 
unusually high for the control cells, however. In comparing 
losses in tl is present lot with those of previous lots, one must 
conclude that faulty processing must account for a large share 
of the breakage. Cell data for the lot is given in the tables. 
Illuminated I-V characteristics are lower than expected for both 
the EFG ceils and control cells. 

2.7.3 Cryst al Systems Hem 

Silicon wafers by the heat exchange method have been fabricated 
into solar cells by methods intended to improve the solar conver- 
sion efficiency over the cells fabricated by the baseline method. 
Some of these methods are considered to be low cost. A base etch 
was used in place of the usual conventional acid etch for removal 
of saw damage and control of wafer thickness. A back surface 
field has been applied to the cells for increased V _ and I^^. 

Lot HemO-2 was fabricated to determine the effectiveness of the 
back surfc.ee field on this material from a specific Hem crystal 
(3420 and also to see what, if any, enhancement could be expected 
by using a thinner wafer thickness. The lot consisted of 9 mil 
cells made using back surface field cells, 9 nil cells made by the 
baseline method, and 5 mil cells made using back surface fields. 

Results for the lot are given in Tables 9 and 10. 

Comparison of 1^^ between baseline and back surface field pro- 
cessing indicates a definite enhancement for the latter cells. 

In the case of the control cells enhancenient is also observed 

oc 

although this is not the case for the Hem cells. Lack of 
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enhancement for the Hem cells is not too surprising, however, 
since resistivity was determined to be less than 1 n-cm. 

In Figure 6 we display data for average values of the spectral 
response from 6 urn to 1.05 um for the 5 mil-BSF, 9 mil-BSF and 
9 mil-baseline. One observes the current enhancement of the 
cells having back surface fields. In Figure 7, percent enhance- 
ment of 9 mil BSF cells over 9 mil baseline cells is shown 
(average values). As one would expect, enhancement is greatly 
increased for current g'^nerated by photons absorbed deeper in 
the base region of the cell (and hence the path described by 
distance from absorption site to BSF distance from BSF to 
junction is less for longer X photons, on average). 

L measured from, spectral response on the following baseline 
cells in HemO-2 is given below^^^. 


S/N 

L 

t 

C-7 

200 

.9987 

i; 

100 

.9996 

15 

80 

.9992 

12 

70 

.9995 


Diffusion length calculations suggest variation in Hem. material 
within crystal sections. (Exact location of section in crystal 
342C was not noted by processing personnel.) 

Two lots of cells were fabricated from the Hem silicon to deter 
mine the effect of impurity gettering on this material and what 
this might do insofar as efficiency optimization is concerned. 

In the first of these lots, HemO-3, the wafers were phosphorous 
diffused in the usual manner. The wafers were then etched 
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sufficiently to remove the diffused n layer. The pre-diffusion 
clean was repeated and the wafers were again diffused. Process- 
ing was continued by the baseline method and the fii. <hed cells 
were measured. 

In the second lot, HemO-4, the processing used in HemO-3 was 
duplicated with the exception that the diffusion drive time in 
the first diffusion was extended by a factor of three. 

Results for both of these lots are given in Tables 11, 12, 13 & 14 

In Figures 8, 9 and 10 we show a histogram of the crystals for 
the various I-V parameters in the three lots. One may draw 
several conclusions from these figures. The first of these is 
that cells made from silicon material in crystal 349 had degraded 
properties in the runs with the extra gettering step. The results 
for cells from material in crystal 342 indicate little or no 
change. Results for cells from material in crystal 314 indicate 
a definite improvement, especially evident in the HemO-4 results. 

A disturbing feature of these results is the high for this 

material (1.4 ..-cm). One would expect a maximum, of 590 for such 
resistivity. 

As a specific group, cells made from crystal 349 without 
an added diffusion step (gettering) had the best conversion 
efficiencies . 

Crystals 349 and 342, with resistivities in the range of .4 to 
.8 n-cm., were grown from high purity melt stock. Crystal 314, 
with resistivity of 1.4 D-cm., was grown from float zone remelt 
stock. One can account for the higher open circuit voltages of 
the former by the lower resistivities. The reduced short circuit 
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currents and efficiencies obtained for solar cells fabricate 1 on 
crystal 314 material could result from the increased secondary 
impurities one would expect to be contained in float zone remelt 
stock. 

2.7.4 Kaye^ - Continu ous CZ 

Material for solar cell fabrication in Phase II of the contract 
came from run 62 of the Kayex effort. Nine crystals were pulled 
from a single crucible in run 62. The crystals were of the 
order of five to six inches in diameter and were sliced to give 
representative portions of the top, middle, and bottom sections 
of each crystal. 

Two baseline runs were m.ade on this material. Since this was CZ 
material the primary interest here was to determine how the cells 
from this material compared with conventional CZ grown material, 
how cells fabricated from, top, middle and bottom sections of a 
crystal compared and finally how cells from one crystal compared 
with cells from other crystals in the pull sequence. 

Illuminated I-V results for the first baseline run, HamcB-1, are 
given in Table 15. A and B prefixes denote cells from slice 
A and slice B. Both slices are from the top section of crystal 
in Kayex run 62. Dark current data are given in Table 16 
and enectral response data are given in Table 17. Comparing 
the Kayex CZ with the control CZ cells one observes a higher 
solar conversion efficiency for the latter. In Figure 11 a com- 
parison of spectral response is made between the cells with high- 
est efficiency in slice A, slice B and the CZ control cells. 

This group of curves implies a slightly greater minority carrier 
diffusion length for the control CZ silicon. 
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In the second baseline run, liamcD-2, cells were fabricated from 
slices cut from five different crystals in Kayex run Number 62. 
Data for illuminated I-V, spectral response and dark current are 
presented in Tables 18, 19, and 20, respectively. A modifica- 
tion in this run was the use of NaOH (30%) etchant in place of 
the usual acid etch to remove saw damage and thin the wafers to 
9 mils, but without surface texturizing. 

In Figure 12 the distribution for conv( rsion efficiency is clot- 
ted for the Kayex CZ cells and for the control cells. The 
distribution for both groups is similar. The Kayex cells are 
identified as to the location they occupied in the crystals; 
top, middle, or bottom. Distributions for efficiency are plotted 
for the cells and separated by crystal source. Control cell 
efficiencies are clustered about 11.5% whereas the Kayex CZ cells 
are clustered about 11%. Cells from bottom sect ions of crystals 
7 and 9 represent the lowest efficiencies for the Kayex group. 
Three of the foui low efficiency cells are polycrystalline while 
the cell with the lowest efficiency had arrays of deep etch pits 
across its surfact. 

In Figure 13 spectral response data for a number of the cells 
has been plotted. Cells fabricated from top sections of the 
crystals group about the control cell C-1. The bottom of crystal 
number 1, middle of crystal nine, bottom of crystal number 7 and 
bottom of crystal number 9 have reducea spectral response, with 
the bottom of number 9 occupying the position of lowest response. 

Such an order is not unexpected since the secondary impurities 
would be segregated out of the growing crystal and into the 
liquid silicon remaining in the crucible. The density of impuri- 
ties remaining in the crucible would increase with growth causing 
the concentration of impurities to be higher at the bottom end 
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of the crystal. With the addition of more silicon before the 
next crystal pull, the impurities would be diluted hence the top 
of the next crystal should be "cleaner" than the bottom of the 
previous crystal. Going from the first crystal to the ninth 
crystal one would expect a gradual increase in impurities in 
the melt. An increase in the concentration of secondary impuri- 
ties in the crystal would reduce the minority carrier diffusion 
length and this would be apparent in a reduced long wavelength 
spectral response. In Figure 14 the percent reduction in spec- 
tral response for the various crystal sections is shown, at .fi 
;,m and at .9 tm, where the average response for cells from top 
sections of the crystals serves as the benchmark value. 

Although there is evidence of reduced diffusion length as growth 
proceeds from beginning to end, the effect on conversion effi- 
ciency is apparent, yet not large. 

In the next fabrication lot the cells were made incorporating a 
back surface field. Illuminated I-V data for this run, HamcO-1, 
are given in Table 21. Spectral response and dark current data 
are given in Tables 72 and 23, respectively. In Figure 15 open 
circuit voltage and short circuit current are plotted for the 
cells in this run. Baseline values, derived from runs HamcB-1 
and HamcB-2, are given for comparison. There is a general enhance 
ment in both open circuit voltage and short circuit current for 
both the top and middle e ction cells with the greater enhance- 
ment for the former. For the bottom cells there is some short 
circuit current enhancement but none for open circuit voltage. 
Cells below the baseline had shunting and/or series resistance 
indications in their illuminated I-V curves. 

In Figure 16 conversion efficiency at AMO is plotted for run 
HamcO-1 . The enhancement by the BSF is in evidence here with 
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greatest percentage enhancement for cells from top sections and 
least enhancement for cells from bottom sections. In the final 
figure for this section. Figure 17, spectral response is pre- 
sented for several cells having the best efficiency in their 
respective group. From this plot one observes the degree of 
enhancement provided by the back surface field for a given cell 
thickness and minority carrier diffusion length. The greater 
enhancement can be easily seen for the longer diffusion length 
material . 

2.8 AIR MASS ONE I-V CHARACTERISTICS 

As stated :n Section 2.6, I-V measurements at AMI were instituted 
in Phase II of the contract for 20% of th<a cells. This was done 
to obtain more relevance for terrestrial application and to deter- 
mine an empirical relation between AMO and AMI characteristics 
for cells of this type. AMI measurements were made on the 
Spectrolab solar simulator (X-25) with a Pyrex water filter in 
the optical path and calibrated against a standard cell, *1039, 
traceable to NASA standards. Results are presented below for 
^AMO^’^^AMl* several occasions the efficiency ratio was found 

to diverge sharply from -vl.!?. Generally, this could be traced 
to measurement or calculation error. 

Results for efficiency ratio measurements are given below. 



N 

R 

Her, 

29 

1.17 

Web 

36 

1.18 

Kayex 

24 

1.18 

Control CZ 

41 

1.17 

Composite 

130 

1.17 

where N * 

number of 

cells 

R « 

average value of 

R « 

^AMl^^AMO 



CONCLUSIONS 


2. 9 


Cells fabricated from Web silicon were somewhat broad in their 
distribution of efficiencies. This would be expected sine, '’.he 
web material was itself rather varied in both resistivity and 
minority carrier lifetime. The back surface field was found to 
be effective in enhancing the open circuit voltage, as in lot 
WebO-2 where 12 n-cm web material had open circuit voltages of 
580 mv. Spectral response measurements have shown the wide 
differences in diffusion length between the CZ control material 
and some of the web material used in these few lots as they have 
also shown differences in the diffusion length from one web 
strip to the other. 
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have found a variation in cells fabri- 
stals. The crystals we have used 
action of the boule so what we have 
by that condition. As would be expected 
ng material the higher the cell effi- 
material was apparently equivalent to 
control cells. The low resistivity 
ces, when fabricated into cells had open 
than 600 mv and with BSF some enhance- 
rved. Gettering d’d not appear to offer 
ef f i ciencies . 


The continuous CZ material was found to produce reasonably good 
cells with some fall-off in efficiency from the top to the 
bottom of the crystals. The fall-off in diffusion length from, 
the first to the last crystal was obvious fro'n the spectral 
response curves, however its effect upon conversion efficiencies 
was not so apparent. Only when back surface fields were applied 
was the reduced diffusion length significant as a factor that 
attenuated the effect of the back surface field. 
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3.0 REVIEW Oi’ PHASE II 


Phase II has followed a path very similar to Phase I. In essence 
much of the work was a repeat with some variations. Most of the 
size etcJiing was done ucing NaOH etchant in place of the usual 
acid etchant. This was a part of the low cost thrust. It had 
limited significance on the outcome of the various lots. 


Screen printed contacts were tried on ceils fabricated from EFG 
material but the effect was to degrade the cell performance. 

It became obvious that screen printed contacts could be a 
program in its own right since several of the materials could 
not be printed without some very specific fixture.^ and problems. 

The most significant outcome in this phase would have to be 
associated with the Hem material and the continuous CZ silicon. 

In the case of the former, some Hem crystals were found to provide 
cells with performance on a par with CZ control cells and showed 
a dependence upon the quality of silicon material being processed 
by the heat exchange method. It did not, and could not, show 
uniformity or the lack of uniformity in the Hem boule because 
only sm.all sections of each crystal were orov'ided. 

In the case of the continuous CZ material, considerable improve- 
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The EFG material was not better than the resistance heated 
source material in Phase I. It would have been more productive 
to have had some of the material developed with controlled CO^ 
atmospheres and reported on by Mobil-Tyco. 
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4.0 SUWIARY AND CONCLUSIONS 


In this section we provide a table containing maximum conversion 
efficiencies for each material throughout Phase I and Phase II 
of the program. Data are displayed graphically in Figure 18. 

Ke note from this table that of the expressed Phase I contract 
goal of 12% AMO at 28°C, three of the materials reached or sur- 
passed the goal, namely: dendritic web, Hem, and continuous CZ . 


list of CFLLS having highest efficiency for their material GROUP 


Mater ial 

' % 

(A.M0) 

(28°C) 

J 

sc 

-2 

mA cm 

^oc 

(mV) 

FF 

Lot 

S/N 

Comment 

RTR 

7.2 

23.6 

559 

. 74 

RTR-2 

5 

Baseline 

Cont rol * 

11.6 

36.3 

586 

.73 


C-7 


efg-rt 

9.8 

31.3 

567 

. 75 

EFG- 3 

46 

Baseline 

Cont rol * 

8.9 

35.5 

563 

.60 


C-5 


EFG-Rii 

8.4 

29.0 

537 

.73 

EFGB-1 

D 

Baseline 

Cont rol * 

11.9 

35.8 

566 

. 77 


6 


Kacker 

10.6 

33.5 

554 

. 77 

K-4 

4 

Baseline 

Si Iso 








Control * 

12.5 

35.5 

598 

.79 


2 


Web 

12.0 

37.3 

579 

.75 

Web- 5 

6 

BSF 

Control* 

13.0 

37.0 

596 

. 80 


H 

BSF 

Her 

12.3 

34.6 

605 

.790 

Hem3-1 

349 
S2 El 

Baseline 

Control * 

12.1 

35.8 

589 

.778 


C-3 


Cont. CZ 

12.6 

36 . 8 

602 

.770 

HamcO-1 

9T2 

BSF 

Control * 

All Shunted 






*Cont rol 

oell with 

highest r 

in the 

sarte 

lot . 



The RTR 

and EFG 

materials 

used in 

this 

contract 

are now 

obsolete . 


Claims by both sources of these m.aterials indicate that consider- 
aLit irr.provement in quality has been attained. The Wacker m.aterial 
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could probably be brought to higher efficiencies than reported 
here by using thinner cells in conjunction with back surface 
fields. There was a noticeable drop-off in efficiency at the 
corners of the Wacker sheet due to either reduced grain size or 
obligue grain boundaries. 

The web material would appear to have considerable potential 
for high quality cells. The ability to control the sheet thick- 
ness as well as resistivity and lifetime would r -ke this mater- 
ial a formidable contender in the high efficiency cell class. 

The heat exchange method has shown itself to be capable of pro- 
ducing quality solar cells. This is especially true when clean 
polysilicon is used as the starting material. How uniform, the 
quality is throughout the grown crystal has not been shown. 

The method also appears appropriate for growth of solar material 
from, starting material that could only be classed below sem.i- 
conductor grade polysilicon. 

The continuous CZ m.ethod employed to produce some of the material 
in the contract does appear to have considerable potential. The 
consistent results from top to bottom and crystal to crystal 
and the overall imiprovement rom Phase I material to Phase II 
material supports this outlook. 
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7.0 TABLES 


Table 1 

•CtltTIVlTV AhO ICLOniHATCO CHAA^CTCA I «T ICC 
_ UCbOf . 


CflL.HAMf .. 

1 _ _ 

a . . 

a 

4 

9 

* 

7 

AAtA <C«2> 

4. coo 

*.100 

*.000 

*.000 

*.000 

4.000 

*.600 

Thick (Ch> 

.C2£ 

.022 

.022 

.022 

■ ~ .024 

.622 

. 622 

c.b KHOiCHn-CN) 

.60« 

.000 

. 000 

.000 

. 666 

.066 

.000 

A,l».»"CC»<C>Mt1> 

9t 01(1 

9F.I63 

92.11* 

99.6*4 

.000 

9*. *90 

95.912 

AHC VCiC <MV> 

S«4 flOw 

94*. 000 

'944.000 

933.060 

. 600 

930.000 

.600 

AKO Itc <HA> 

WT.OOO 

249.000 

230.000 

249 000 

. 000 

12* 600 

. 006 

AHC Vnf- <HV> 

444 006 

444.0(0 

41*. 060 

420.000 

. 600 

43* . 660 

. 006 

«H6 IKf <HA> 

114.000 

22*. 0(0 

214.600 

■ *142.400 

■ . 000 

1 64. 060 

.000 

AM(. FILL FCTS 

.?58 

.294 

.*00 

.*2* 

. 060 

.*«* 

.600 

A "0 tFficitncv 

Ani VCC (HV> 

. CCS 
940.000 

.125 
“ 949.000 

.110 

944.000 

. 101 
931.000 

.000 

.000 

.6*4 

932.000 

.660 

.496 

Afl Itc <K<i> 

Ml . 000 

213.006 

20 * 000 

213.060 

.000 

104 040 

.060 

f'Hi wr.r <fiv> 

493 000 

493.000 

419 600 

429 006 

. 000 

440.006 

.000 

AH 1 IHF < Hta > 

1 02 600 

144.000 

140. *00 

190.006 

.000 

*6 000 

.000 

AHI fill FCTS 

.FCO 

.2*9 

.204 

.944 

.000 

.**: 

.006 

AHt CFFICIFnCV 

j ’ 

.140 

jt1 J1 

. 112 

.000 

.0»2 
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AHI CFF/mHO £FF 

t .103 

1.1 C4 
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'1.1S9' 

. 000 

bHCH CSOkEN 

0 

~ o ' “ * 

o '” 

0 ■■ ■' 
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- 6_ 

A 

* c 

D 

_ E F 

AS(«. ( cn 2 > 
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* 000 

* 006 

». 000 
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4 b B-SC»<CHH) 
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51 .»»5 
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4*. *4* 

AHt VOC < rv ) 

944 OOu 
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530 606 

92».00( 

92*. 600 

930 000 

' 92*. 000 

F»C ISC (HS> 

i*i Ob: 

.066 

242.(00 

24» 006 

291 . OCu 

253.060 

244 006 

AHl . Hk > 

44? 666 

.000 

422 COu 

422 606 
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42* OCO 
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hH( IHP tr.L> 

220 kuO 

.069 

22* 660 

22» OOu 

231 . 060 
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22» 006 

HHC. fill FCTS 
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. 6uu 
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.224 

.242 

.24* 

AHC rrsiClEHCv _ 

121 

. OuO 

.114 

_ .112 

.110 

.123 

1 IS 

SHI VCC <HV) 

943 COO 

. 6CC 

524 000 

922 . 06C 

925 600 

92* 600 

925 606 

KHi ISC ( n» j 

2(4 CkO 

. uiiO 

215 600 

213 0u6 

21 * u06 

214.066 

214 066 

hh; VH4 < HV > 

449 660 

000 

429 600 

_42* 066 

414 OCO 

424 000 

424.006 

► HI I HH < H*. 1 

104 OOu 

.oco 

105 000 

1 44 06u 

1*4 uOO 

262 660 

1*5 66u 

«HI FjLL FCTS 

.74 1 

. 000 

22 i 

.23* 

.224 

.240 

.23* 

►HI CFFJCICnCV 

149 

. ecc 

. 130 

. t:s 

. 134 

. 144 

. 130 

►HI EFF/AHC EFF 

1.152 

.OOC 

1.1*2 

~ 1 .' 1 22 

1.1*0 ■■ 

1.121' 

■■'1.126 

UhFN CSChEH 

C 

LOADING 

CmISPCD 

■ Chipped 

ChIP/OHHIC 

0 ■ ” 

CHIFPED 


CE.L H-HC 

c 


*10 

Mil 

XI2 

XI3 

*14 

afea ( C'2 > 

* 009 

* 000 

4 000 

4. OCC 

6. oco 

4. OCO 

4 000 

T H ; c < C r 1 

. 022 

. 027 

. u29 

. 024 

. 022 

. 027 

.027 

* 6 SHfnOH"-CH i 

. 066 

.660 

. 000 

.coo 

. oco 
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► b S * 4< Sk 0"H 1 
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46 44>: 
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4i 442 

46 4C2 

45 043 
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141 . C06 
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141 . 06C 

144 OOu 
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4uS 066 
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499 OCO 

AH 9 IMP t r>. . 

236 . OOC 
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43.600 

204 006 
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124 .OOC 

A.*.6 fill FCTK 

.*>4 

.232 

.9*9 

.52 7 

.4»3 

.407 

.201 

AHC EFFICICnCv 

.11* 

. 142 

. 691 

. 060 

. 0*C 

0*0 

.113 

Ani V0( (Mv> 

530 OOC 

54* 060 

. 000 

.oec 

.609 

.C60 
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22C COO 
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. OOC 

.000 
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. OOC 

.oco 

.OOC 

.006 
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'. 000 

. OCu 

.006 ■ 

.060 
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.2C» 

.744 

. OOo 
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. 060 

. OCC 

.*62 
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.132 

.124 

. 000 

. OOC 
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.124 

AHI EFF/AMC CFF 
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OCC 
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Table 1 continued 
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HR 

*6 
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6.666 6 606 
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4.000 

4.600 

TMlCk »C"> 

. »;s 

.tzr 

.6j3 

.034 

.634 

.C34 

.634 

t.b RMCKbHfi'CfO 

.600 

. 600 

.666 

.600 

. 600 

.006 

.660 

A.O R-t')AvOMd> _ 

91 .A«9 

81 at2 

St .213 

S6.RS6 

4* 093 

40.493 

46.039 

Af^e voc <dv) — ~ 

S«T. AGO 

.600 

.666 

664.600 
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460.666 

' 966 000 

Aro ItC <Mm) 

e:» bce 

.660 

.666 

3R0.600 

134.600 

140.660 

3RI .600 

AAb yrA (AV) _ 

4«S. OOC 

.666 

.666 

963. 600 

464.000 

304.066 

496.606 

Ano inA <RA> 

ijR.ORG 

.666 

.060 

244.660 

130.000 

Rl .606 

244,060 

ARC RILL FCTfc 

.Ri? 

.660 

.606 
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.90 

.099 

.914 

”* .010 

.0)9 

■•.020 ' 

.592 - 

0 9 9 0 


.999 


.9)* 

.049 

.099 

.09* 

.04) 

.96 

.009 

.7«0 

.090 

.942 

.702 

.00) 


.93 

.999 

.029 

"■ * .003 ■ 

.631 • ~* 

-.032 

* .4)) * 


1 . o: 

.999 

.200 

.202 

. 101 

.314 

.192 

.200 


CCtt H-“I 

3 

3. 

4 


9 ■ — ■ 

9. 

4 

b L <nIC9C>N> 








.41 

900 

. 900 

.109 

. 1 09 

.973 

.10) 

. 000 

45 

.000 

.900 

.24* 

.294 

. 170 

.24! 

ooc 

99 - — 

. 000 

■ ■ .900 

.391 

3“' 

.210 

.270 — 

.000 

95 

.000 

.090 

.4)4 

. 44f 

.314 

.447 

. coo 


. 000 

000 

.47( 

4(0 

.339 

.4»« 

. 000 

■ 99 

. 900 

.000 

.907 

922 

- .343 

.929 

— .000 

70 

. OkO 

. 900 

339 

994 

.3(7 

.9el 

. 006 

.79 

. 000 

.900 

.979 

.9)0 

.41( 

.997 

. 000 

OS 

. 090 

- .090 

.9 09 


' ,471 

.411 

« ooc 

09 

. OOo 

.000 

.912 

929 

.444 

.941 

.ooc 

.99 

. 009 

. 0 III c 

.920 

.999 

.4(2 

.971 

.000 

.09 

. OkC 

.990 

■ .992 

.394 

— .417 ■- 

■ 9'*0 

. 000 

1 09 

. OOt. 

. 006 

.107 

173 

.140 

. 199 

OOi 





- - - 

- — 

- 

- 

CCtw N4.*t 

9 

■ 7 

— 7 

■ • 

4 


f 


tot cr.ic^ON > 
4 1 

113 

1 1 0 

. 09« 

109 

. 144 

. 1 Ot 

. CCO 

. 4f 

294 

.299 

.227 

.2*9 

.290 

254 

. OOS 

90 * ■ 

.2(1 

. J79 

-- .341 

— .21) 

.3)3 

.374 

. 000 - • - 

a r 

49) 

.442 

.410 

.444 

.490 

.444 

. ecc 

.•c 

4i1 

. 4)t 

.449 

...84 

.4)t 

. 4’’ 

. ooc 

.49 

.924 

.314 

.4'4 — 

■ .529 

.923 

912 

.000 

.70 

9»3 

.541 

.909 

.99 0 

.9t9 

.921: 

ooc 

.75 

.407 

9(4 

.94 0 

.404 

9)5 

.9(4 

.000 

.00 

*■.<14 - 

*.417 

.944 

.421 

.9*2 

.404 

.ooc 

.99 

(42 

.4)4 

.9t« 

.493 

.5)9 

.429 

. 000 

.00 


.490 

.909 

4>1 

.417 

.454 

. 000 

.09 

.990 

.9)4 

.904- - 

■* .42 0 - 

- .4)i 

.3)4 

.000 

1 . 09 

.109 

.204 

.149 

.204 

.172 

.200 

. 000 
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Table 4 continued 


i^cctka;. $ch«itivitv 

uctoa 


Cftt 

la. 

13* 

1J. 

14 

14. 

•I — 

*• 

W.L. <MtC*ON> _ 




• 



.41 

.115 

.000 

.000 

.000 

.000 

.000 

.110 

.45 

.872 

.000 


.000 

.oor 

.000 

.241 

.50 

.300 

.000 


.000 ■ ~ 

.000 

.000 

• •* . 302 

.55 

.451 

.000 

.000 

.000 

.000 

.000 

.440 

.00 

.403 

.000 

.000 

.000 

.000 

.000 

.400 

.05 

.510 

. OOw 


.000 

.000 - 

.000 

.512 

.Tb 

.534 

,000 

.000 

.000 

.000 

.000 

.510 

.75 

.SiO 

.000 

.000 

.000 

.000 

.000 

.574 

— 

■ “.570 

.000 

0 

.000' 

MP# -•••• 

0 dOi 

. f f 1 

.05 

.504 

.000 

.000 

.000 

.000 

.000 

.419 

.50 

.504 

.000 

.000 

.000 

.000 

.000 

.439 

.45 

.47* 

• • .000 


.000 

.000 * 

.000 

' • .547 

I.OS 

.151 

.000 

.000 

.000 

.000 

.000 

.200 


CELL NAHt 

K1 

K2 

X3 

K4 

XS 

X4 

X7 

W.L. <MC 40 N> 

.41 

,UiZ 

.104 

.112 

.115 

.I2C 

.111 

.109 

.45 

.241 

.242 

.234 

.2»i 

.2( 7 

.272 

.243 

.5C 

.30* 

.3(0 

.330 

.343 

.34? 

.347 

.374 

m w 

.441 

.444 

.4«( 

.452 

.459 

.424 

.4*1 

.‘oo 

.440 

.445 

.457 

.4?; 

.447 

.475 

.500 


.5:5 

.532 

.400 

.51 ) 

.675 

.5M 

.540 

70 


.5»4 

.532 

.555 

.500 

.ScO 

.570 

. 7f 

.414 

.424 

.575 

.4 05 

.433 

.4'3 

.427 

.00 

.4*4 

.454 

.41* 

.430 

.444 

.451 

.447 

fS 

.443 

.444 

.417 

.4t«’ 

.70’ 

.4)3 

.700 

.00 

.7it 

.754 

.441 

.737 

.401 

.774 

.774 

0* 

.74C 

.744 

.400 

.734 

.704 

.747 

.704 

l.0« 

.3'9 

.340 

.304 

.313 

.371 

.344 

.373 



xo 

(HlCKON) 

.41 

.217 

.45 

.110 

.50 

,359 

.51 

.415 

. 4 (’ 

.445 

.45 

.440 

7u 

.417 

75 

. 4:0 

.49 

.424 

.05 

.4»4 

0 

.911 

.95 

.715 

1 . 05 

.344 
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Table 5 


• C^ltT |v'|ty~MM(- ILLUn|NAtCt> ‘CMH*MCTChfitlCi 
wlltOJ 


_ccyL_N**Mr 

^l?5J 

1 1^!' 3 

1*7. j_ 

I*.'..'.. 

XI 

_K2^ 

K3 

V 

•.►tA <cwr» 

• .cee 

0.000 

0.000 

0.000 

0-000 

0.000 

0.000 

TnlCk "» C« > 

U2?' 

V00S 

Toio"" 

. (tii 

.'030 

T0S3 

. 03 C 


.1100 

.000 

.000 

. 000 

.000 

.000 

. 000 


1 n . /t4 

1 V0.279 

140.710 

tOl .200 

100.319 

1 10. *49 

*7. 009 

■Ani> vOC <t:v* “ S2f'(ti>i> 

93i:O0O 919. 000*' 

■~93l. A0O " 

■ *407.000 

■“ 954:000 

904.000 

Ant t£C (fiA) 

;40.OO0 

0t4 , 000 

290.000 

231.000 

204,000 

299.000 

202.000 

_AM0_VhA^< ,<V> 

jry . 000 

410. 000 

412.000 

4m* . MA0 

SwO.OOO 

302.000 

400.000 

i Ha > * 

2^0. 0W0 

i547T»0d 

in . <*00 

3i>TCit 

' ■ »0*r000' 

200. 00C 

«1V F:lL rCTR 

.••3 

.710 

.720 

.739 

,477 

.911 

.772 

M'\(> crMCIENCv 

. 077 

.079 

.000 

. 044 

.0*3 

.0*7 

.117 

aH VOC <hv< 

?;-3:0O0 

— 93;. 000 

9i?:00C •" 

— 933. 000 ■" 

"'—*”. 000 

“ '"TOOO' 

• ^j4'. 040- — — 

M'*i liC <ha> 

i(/* . 00b 

120.000 

219.000 

200. O0W 

.000 

. 000 

242. 000 

>AI V“A <HV> 


4il .00(1 

4«« 000 

410.000 

.000 

.000 

400.000 

■a11~1h»-“^Ha < 

ro0 . 010 

17i).'60y Ti^Tyew 

IfiTfiOO “ 

:»ofl 

. 000 

~234 .000 

All rjLL FCT» 

.t7l 

.73> 

.737 

.722 

.000 

. 000 

.770 

Atll EfflCIENCY 

. 0»W 

.004 

. 1 04 

. 101 

.000 

. 000 

.130 

Vni "Cf f /' aHci £Ef 


i.tor •” 

■•r.fio 

T .2 iZ ■” 

7H6 

7000 

T.'ISO 

bfiOkEh 


CvaOuKaT 60" 




^ACaTTCH UMLOmDIHa 



»C»iiTlvlTv nmL ILL’VfUMMTil- C^^NtrrtCTiM it ICt 
_K£603 


CitL_ haaC _ 

/*4 

V9 

0 . M00 

*:• 

0 . 004 

07 

K6 ____ ^ 

a^-Ca i ca; t 

f 0 11 0 

• . 000 

• . UOO 

T M I C *■ 1 C M 0 

If 3 « ~ 

.030' 

.'030 

.'o3i 

Ti33 

t . 0 fc-«C»0 ) 

. U l' ■ 

00 0 

. 000 

000 

. 0Ou 

^ C*hH # 

1 00 . < 1 V 

04 045 

01 773 

0 1 . ! 2 3 

70 000 

04** ’• \’0C * » 

“ . 000 

970.400 

90* 000 

■ 9*7 000 ' - 

9*1. O 0 O ' * •'■ 

► JiC s t 

. U0V 

2i* ■ 000 

107. 000 

299 000 

274 , 000 

mnO < «V > 

. OCv 

4*3.000 

40*. 000 

492 .000 

444.000 


. 00W 

2*3 .'000 

100^ 000 

321'T0C 

~39l . 000 

fjLL fcyf 

.000 

.742 

.710 

.0*7 

.729 

«Mi. FK^ICIEnCY 

. bw0 

112 

.072 

. 003 

. 1 03 

*-••• vc*C vrw ” 

.000 

970 000 

' 9*5 604 

■ 5<5 000 ~ * 

9*3.020 

•**' ■ I iC * Itoo » 

.000 

244.000 

1*3 000 

220. 00 0 

234. oOO 

04*!t Nrl'r V *^V > 

.000 

_4 7 1 0 0 0 

_ 400 000 

490 000 

440. 000 

• 0 * 11 ” ir* \r.po/ 

. 0UU 

'220'. 000' 

1 30 700 0 

TJO.'Ofi 

'riTTOwo 

oR-t fill f;tf 

. 000 


.7ii 

. »t4 

.72* 

MfM c»’FiciE».:* 

.000 

!i33 

.C<4 

• 1 0b 

.120 ^ _ 

Afii* f 77 'aM Err ■ C0i ■■ 

1 .103 

1.174 

1.142 “ 

1.1*1 


nnuy — 


TVaPO? aT&S 
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Table 6 


>»fCt»ML »CI««IIIV|TV 
WCOJ 


CfLt 

%4 

K5 


K7 

MO 

W.L. <niCKON> 

.*1 

.45 

.5# 

, ovo 
.000 
. OoO 

.112 
.212 
. Jl? 

.0V2 

.<01 

.2*1 

To** 

.<♦? 

.24* 

!32i 
. J<7 

• PS 

. 000 

« 9*6 

.32? 


.J*i 


.000 

.415 

.150 

.302 

.410 

.t5 

. 000 

.405 

. 300 

.427 

.457 

■ .7b ' 

. 000 

.5M 

.415 

* .4<f 

^4*1 "“••• • •• • •• •• — - ■ “ ••• ' 

.?5 

. CmO 

.54? 

.444 

.4*. 

.503 

.•0 

. OoO 

.5*7 

.474 

.533 

.544 

.99 

.'000 


.403" 

“.500 


.♦c 

. 000 

.04* 

.404 


.527 

.•5 

. 000 

.*')5 

.447 

.540 

.4*0 

■ ' ■ “ 1 . 05 * ■ 

. VMV 

' .24? 

• .201* 

.220-* ■ * 

.IO*“" - ~ 


t»iCl*»L kLiikMlVlIV 
bCbOl 


CtL;. 

175 1 

_ 175 3 

*>ZL!_ 

1*1 

1 Mt 

M2 

K3 

^ ^ K wA C-N } 








, * 1 

.005 

T0C1 

— ITOT" ■" 

, OVJ* 

rrar 

TTTa — 

rm 

45 


.172 

.217 

.U7 

.2*2 

.24* 

.23* 

.5 V 

_.24» 

.245 

.311 


.334 

.321 

325 

* 5 ^ 

~ .354“* 

3«f ~ 

:3*o 

.34 5 

T4 I 0 

,Z7i 


t c C 

.32 7 

.75tf 

.411 

.30* 

.454 

. 4 ; 5 

.449 

*5 

417 

__ 3<; 

.4'<5 

.41* 

.40* 

.457 

.4?5 


.432 

. 4 u4 

r4 5t 

■ :43’- 

.522 

'.4*4 

'.S.3 ■ ■ ”■ 


.451 

410 

.41.4 

.450 

.550 

.522 

.521 


4t* 

«20 

.4 70 

.470 

.577 

^*2 

> .547 

..5 

. 4f 

** 410 “ 

.473 

*. 4** 

.000 

~ ",577 

“57? 

. »0 

.400 

.37* 

.42* 

.4?1 

.*14 

.500 

. 5t* 

.05 

.324 

.205 

.320 

.322 

.*00 

.573 

.554 

1 . i*S 

.Tl*5 

.'0*3 ' 

. Oil ■ 

. bO* 

-.755 

'1350 

.41* 
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Table 7 


k(il$tlVltV*NNl> IlLUMIHmIIO' CtMiNC'TCtliYiCt 
_(YC03 


CCLL Nm'*C 

m} 

m2 

M) 

••4 

m9 

Mi 

m7 

N't* <C^^> 

».bSw 

«.4S0 

0.496 

0.490 

0.496 

O.4S0 

6.490 

' Th 1C>> fCH) 


Ti*5i'- 

— m* 

.070 

.014 ■ 

■ T030 ' 

• iW/' 

• .D.»MO> OMn*;H> 

3.i3» 

1 .]}( 

1 .?»» 

1.429 

1.064 

1 417 

1 .971 

A t» . * OhI > 

«• . Bw* 


4*. J6* 

96.169 

41.694 

47.390 

92.700 

> 

.Ci)0 

~aoo 

.600 *■ 

. 000 

. 060 

. 060 

.066 

•*’U' lie 

.ilCO 

. AttO 

.046 

. 606 

.060 

.060 

. 606 

mMv VM*' »fiv> 


. CvO 

.040 

. 066 

.606 

. 060 

.000 

H'lv irr* tMf<> 

. «4v 

• ' 

6 

. 066 

. 066 

.660 

. 066 

••'’V fli.L fCTS 

.itKi 

. i>6« 

. 060 


. 600 

. 666 

. 606 

«M(I rrficiCNCv 

. iiC 

. vvB 

.004 


. 600 

. 006 

. 600 

- »»;i VC <HV» 

. 04w 


* "'.000 

".000 ■ 

. 000 

. 006 

M M tkC <^M> 

. vOi) 

. 060 

.600 

.600 

.006 

. 000 

.600 

MMt Vfi» < rv > 

. BOO 

.660 

. 600 

.006 

. 060 

. 000 

. 600 

N't) )n^ < n« > 

« ¥ V V 

. 666 

. 666 


. 666 

T060 

. 666 

•tfll FltL fCTB 

. «bi 

.061) 

. 606 

. 660 

.000 

.006 

.600 

-ft f^riciCNCV 

. «ii 

.660 

. 600 

. 600 

.060 

. 060 

.006 

* err »fio err 


rooo ■ 

;ooo 

. 000 

. 006 

. 006 

. ooc 

W'ltN 

niiiciNi. 

»mC»~CTCh 

XilNTlhi 

(MhnCB 

IHT1 Nte 

PfclNT \ i4C 

KCL *901C 


CEtl. H-*iC 


Mi 

91 

s: 

93 

94 

99 

*.vt» » C-; > 

6 . 4 9 6 

6 . 496 

6.496 

6 . 496 

9 . 496 

9.496 

9.496 

t H ; C ► i Cm » 


.634' 

. V j» 

* (i3i 

Till? 

.019 

. yJ^ 

6 1- . BMCii OMM-CM > 

.006 

2 t42 

< .330 

1 .r44 

1.970 

1 . 330 

1.961 

m t fc ^ i > t'«n P 

. 0u« 

99 917 

4» 066 

46 *4 V 

40 716 

40.172 

49.649 

■ *.«(■ VC'C < '•w • ~ 

. 600 

.660 * 

. 000 

* . 000 ■ 

.000 

*• .000 *■ 

7000 

«*iv 16C » f». J 

. 6C0 

. 060 

.600 

660 

. 060 

. 600 

.060 

►■»u . h\ .1 

. 606 

.600 

. 000 

. yyy 

. 600 

.600 

.000 

<«r V 1 \ hoo t 

. 6U0 

• y vv 

. 006 

.606 

'7006 

. 060 

.606 

p4*i i* f * cL F C 

4/Cu 

. OvO 

. 6yy 

.yyy 

.666 

. 066 

. 606 

•.10 tmcitfcv 

. uOO 

« y y 0 

. Oyy 

. 6611 

. 606 

.600 

. 600 

»4r t^vCC f 

. OWi 

.661’ 

•“.006 

■ .060 

.-660 

. 60(1 — 

.000 — ”• 

•.It liC <n-» 

OOv 

. oOu 

.600 

. 660 

.600 

. 000 

.006 

►iM' VM» »«.<> 

. 0 06 

. 060 

.000 

.660 

. 006 

. 600 

. 060 

Nil If B . |1 m > 

. Ci>i' 

.066 

. yyy 

• y t *'* 

. 666 

.666 

.06 0 

N“i rjkU rcTs 

. ( 60 

■ yy w 

uOO 

• y i' y 

.066 

. 660 

.600 

Nil tmciENCi' 

000 

. OUy 

.660 

. 6 61) 

. 066 

. 660 

. 606 

•4 51 

. WmO 

* y y y 

060 ■ 

.660 

' 7060 

“Tooe - 

:o6D 

w i£n 66C» Cn 

(* 1 w 1 *«u 

IpmC^ CTCm 

■ 6NCk' TTC.) 

OlCTfJC 

"FISIMC - 

D1CTHS 

'VrT-F90lZ 


cell iNif _ 

. _ it 

97 

c» 


£1 _ 

C2 _ 

^C3 

Nt En iirZ } 

t 4* U 

9 496 

• 4*,6 

6 49 6 

6 496 

9.490 

9.496 

1 N 1 cT' 1 CM ) 

03 0 

^,'6;9" *■ 

.670 

7w3f 

• z 

. 612 

-.vH'- 

0 C‘ *Nu\ Oir-Cfl) 

1 ..«.9 

1.107 

.6 00 

1 . 1*9 

.4t 4 

1 .7»3 

1 .9e2 

•• f-9i» 06.1 • 

91 961 

93 624 

. Oi'O 

91 641 

46 . «f.«- 

44.172 

46 034 

nMO" VC.C * fiv . “ 4'j.Cov 

.666 

•“ * 066 

.600 

. y y y 

;060 

”.000‘ 

nMu lie <IInI 

13? t' 6 6 

.000 

. 006 

. 666 

. uOO 

.060 

. 000 

Nil. v< r'_< 16 f _ _ 

3I4_6'. 0 

. 6U6 

.006 

. 066 

. OOi 

. 606 

. 066 

'NfUi 

72 v«6 

. 666 

.666“ 

• yyy" 

. yyy 

366 

TivO” 

9f0 FJlL rCTB 

3t0 

. 066 

. 000 

.000 

. yyO 

660 

. 006 

NMi._frr icJEiC’.j 

67 •• 

600 

___ • 

. yiu* 

. 000 

. 66 0 

. 060 

Nr'“vC'; »Mo) 

“ *. C 1 1’ 

". 660 

. 6 Uw 

* . V M 0 

** *" .yyy 

.600 

TOOC' 


Nil JSC »«N> 

. (■ 6 . 

. 666 

. 600 

. 6l>0 

. 666 

. 660 

.006 

Nil V1»-_<1V> 

. 6 6 0 

.060 

.000 

. 660 

.006 

. 060 

.000 

Nil 117 »'1 n)" 

'..60 

~ 600 ~ ~ 

.600 

. w 60 

7"i00 

. 000 

moo 

N11 FJlL rCTB 

. 600 

000 

. 000 

. 000 

.000 

. 060 

. 600 

Nil crrjciEKCv 

. W60 

. 000 

. 066 

. 040 

. 606 

. 600 

. 006 

Nil £rr/Ni 7 > err - 

— OgO 

■.006 

". 000 " 

.060 

. 066 

'.606 ■ * 

-.060 


nHuriiuF— hcl'icvl — wci. *cn' ~ mcyi.c s«rv rrcH -MiHTnKr rmttr 
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ORIGINAL PAG^ 
OF POOR QUALITY 



Table 7 continued 


»C(l»ltVlTV MIIO ILtUHINilItt* CHi»»»CtC*unC» ■ 

ifcoa . . . 



CfLl, H-HC 


♦.•'C*. jicus * _ 

"TmK* tCri 
t .1 .fnO'. OM«*-Cn> 

vOC 

*.f«i lie tr.4* 

_<|M« Vf1> \ HV » 

*ri) riwL rCT« 
l/MCICNCV 
“»tl VCC »HV> 

Hif 1$C <««) 

*.*•» Vl*^ <MV > _ 

~»rti Jrt^ t >■* 

«-i rji.;. fCT* 

Mil if»:ciCNCv 
*mHI £ff/Mlf> Iff 


«.4;« 

• . 3»u 
4| .71* 
* . vtc 

.«40 

. Owtf 
. VVW 
. <)«ll 

.6A« 

.frO<> 


CT 

CO 
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